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ABSTRACT 
Despite the highly porous nature with significantly large surface area, metal organic 
frameworks (MOFs) can be hardly used in electronic, and optoelectronic devices due to their 
extremely poor electrical conductivity. Therefore, the study of MOF thin films that require 
electron transport or conductivity in combination with the everlasting porosity is highly 
desirable. In the present work, thin films of Co3(NDC)3DMF4 MOFs with improved electronic 
conductivity are synthesized using layer-by-layer and doctor blade coating techniques 
followed by iodine doping. The as-prepared and doped films are characterized using FE-SEM, 
EDX, UV/Visible spectroscopy, XPS, current-voltage measurement, photoluminescence 
spectroscopy, cyclic voltammetry, and incident photon to current efficiency measurements. In 
addition, the electronic and semiconductor property of the MOF films are characterized using 
Hall Effect measurement, which reveals that in contrast to the insulator behavior of the as-
prepared MOFs, the iodine doped MOFs behave as a p-type semiconductor. This is caused by 
charge transfer induced hole doping into the frameworks. The observed charge transfer 
induced hole doping phenomenon is also confirmed by calculating the densities of states of 
the as-prepared and iodine doped MOFs based on density functional theory. 
Photoluminescence spectroscopy demonstrate an efficient interfacial charge transfer between 
TiO2 and iodine doped MOFs, which can be applied to harvest solar radiations. 
 
Keywords: Charge transfer complex, molecular hole doping, thin film, MOFs, Hall Effect 
measurement. 
2 
 
 
1. INTRODUCTION 
Metal–organic-frameworks (MOFs) have been studied extensively for many promising 
applications such as gas storage, gas decontamination/separation, heterogeneous catalysis, 
photocatalysis, sensors, and electrical energy storage.
1-9
 For most of these applications, MOFs 
are used in the form of bulk powder. One of the interesting and challenging future issues in 
the field of MOFs is their material investigation for making thin film, and study their 
electronic properties.
10-15
 However, huge majority of MOFs are electrically insulators.
16-21
 
Therefore, despite the highly porous nature with significantly large surface area, MOFs can be 
hardly used in electronic, and optoelectronic devices. Hence, the study of MOF thin films that 
require electron transport or conductivity in combination with the everlasting porosity is 
highly desirable. Recently, the concepts of MOFs as potentially active materials in 
semiconductor science are emerging.
22-26
 However, the most challenging issue in MOFs is 
their poor electrical conductivity, which is needed to be improved to use MOF thin film as a 
semiconductor material. Some attempts to improve conductivity demonstrate that the 
conductivity of MOFs can be improved to some extent by molecular doping of the 
frameworks with electron acceptors, or by using some typical organic linkers.
16-21,27
 In 
addition, modulation of MOF conductivity by changing the metal cations has also been 
demostrated. For instance, Park et al.
28
 have recently demonstrated that the shortest S···S 
distance between neighboring tetrathiafulvalene cores of tetrathiafulvalene tetrabenzoate-
based MOFs can be shorten by using larger cations. This causes to increase the overlaping 
between the S 3pz orbitals, and thereby modulates the electrical conductivity of the MOFs 
from Zn
2+
 to Co
2+
, Mn
2+
, and Cd
2+
. On the other hand, Sun et al.
29
 have demonstrated that by 
changing cations from Mn
2+
 to Fe
2+
 in dihydroxybenzene-1,4-dicarboxylate-based MOFs, 
electrical conductivity can be enhanced to a million-fold. 
 
In post-synthetic modification route of electrical conductivity, iodine has been often 
inserted into MOFs as electron accepter molecule, which has demonstrated an improved 
conductivity of the frameworks as a result of oxidative doping of the MOFs by guest I2.
18,19
 
The oxidative doping of the framework system is commonly due to the oxidation of metal ion 
of the frameworks.
18 
However, the oxidative doping of MOFs is not straight forward if the 
oxidation of metal ion of the frameworks is not feasible thermodynamically. In such systems, 
oxidative doping of the frameworks could be due to guest I2-ligand π electron interaction. 
Although, host-guest chemistry of MOF-I2 systems, and an improved electrical conductivity 
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of the frameworks due to host I2 molecules have been reported
19
, detail mechanism behind the 
oxidative doping of the frameworks has not been studied yet. In addition, after the oxidative 
doping, advantage on application of such MOFs with improved conductivity has been hardly 
investigated. In the present work, a thin film of Co-based MOFs, viz. cobalt (II) 2,6-
naphthalendicarboxylic acid (i.e., Co3(NDC)3DMF4, which is denoted here as Co3(NDC)3), is 
investigated as a model MOFs. The MOF films are deposited onto a nonconducting amine 
functionalized glass substrate using layer-by-layer (LbL) and Doctor-Blade (DB) techniques. 
After iodine doping, the framework films are investigated for their electronic and 
semiconductor properties. The current work demonstrates that doping of iodine into the 
frameworks significantly improve the electrical conductivity within the frameworks. The 
detail mechanism behind the improved conductivity of the iodine doped frameworks has been 
studied experimentally, and the observed results have been confirmed using computational 
chemistry (DFT calculation) of the system. Further, as a concept-of-demonstration for 
application, it has been demonstrated that a facile transfer of photo-generated electron from 
LUMO level of iodine doped Co3(NDC)3 to conduction band of ITO or TiO2 takes palace, and 
the observed interfacial charge transfer phenomenon can be employed to harvest solar 
radiations. 
 
2. Experimental Section  
MOF thin films were prepared using doctor blade and layer-by-layer techques. Details 
on the deposition procedures, iodine doping, film characterizations and DFT calculations are 
given in Supporting Information section.  
 
3. RESULTS AND DISCUSSION 
Scheme S1 shows the progress of Co3(NDC)3 thin film formation using LBL and DB 
coating techniques. SEM images of the Co3(NDC)3 film on a glass substrate using DB (A), 
and LbL (B) coating techniques are shown in Figures 1, which exhibit similar rod like 
morphology of the frameworks in both films. However, the cross-sectional views of the films 
show that the LBL film has compact layers, while the DB film has microprous structure with 
large voids. The composition of the films determined by EDX is shown in Figure S1 
(Supporting Information). The XRD patterns of the bulk and the thin film of Co3(NDC)3 
frameworks are shown in Figure 2. The diffraction patterns clearly show that the bulk 
Co3(NDC)3 synthesized by the standard solvothermal process
30 
and the Co3(NDC)3 film 
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grown by LbL and DB techniques have the same characteristic crystalline structure. This 
demonstrates the successful synthesis of thin MOF films. 
 
Co3(NDC)3 films were further characterized using UV/Visible absorption 
spectroscopy. Co3(NDC)3 framework  layers on a glass slide shows a characteristic absorption 
peak at about 548 nm in Figure 3 (A) and Figure S2 (A), which is due to the d-d transition 
(i.e., t2g (d7) to eg transitions) associated with the Co
II
 centers of the frameworks. However, in 
addition to this peak, both the films after iodine doping exhibited a new peak at about 438 nm. 
This peak position is exactly matching with the peak of iodine solution (Figure S2 (B)). 
Therefore, the peak at about 438 nm can be ascribed to the characteristic absorption peak due 
to iodine doping. Additionally, XPS was employed to investigate the doping of iodine into the 
frameworks. The XPS survey spectra of the as-prepared and doped films are shown in Figure 
S3 (A). The doped MOFs show I 3d XPS peaks (Figures S3 (A) suggesting the capturing of 
iodine molecules inside the porous frameworks. Quantitatively, 0.35 molecules of iodine is 
found to be accommodated into 1 unit cell of Co3(NDC)3 frameworks. As reported 
previously,
19 
capturing of iodine from iodine-acetonitrile solution was also noticed visually as 
well as by UV/visible absorption measurement (Figure S4). Figure 3 (B) shows the electrical 
conductivity of the MOF films deposited on a glass substrate measured in terms of current 
passing through the film under an external voltage bias. Originally, the as-prepared MOF 
films without doping show the insulating behavior. However, regardless of the methods of 
film formation, the framework films after iodine doping allow the passage of currents under 
external bias. As compared to the DB film, the LBL film exhibited little higher conductivity 
which could be due to lower number of grain boundary present in the LBL film. It will be 
noteworthy here to discuss briefly that the electronic absorption peak and the absorption edge 
positions of the Co3(NDC)3 film before and after iodine doping are the same in Figure 3(A). 
Based on this data, the Co3(NDC)3 film before and after doping should have the similar 
energy gap and electronic property. Therefore, the apparent insulating behavior of the 
undoped films could be due to extremely poor conductivity as a result of poor carrier 
concentration (supposed to be virtually zero carriers) in the undoped materials. Further, the 
electronic and semiconducting properties of the Co3(NDC)3 films were characterized using a 
Hall Effect measuring device. When the MOF films on a non-conducting glass was 
investigated, they exhibit Hall Effect with the electronic conductivity in the range of 10
-6
 
(LBL film)  10-7 s cm-1 (DB film), the bulk charge carrier concentration in the range of  +5 
× 1011 cm3, and the Hall coefficient is in the range of  +1 × 107 m2 C-1 (Table 1, Table S1, 
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and Figure S5 (A) - (B)). As shown in Table 1 and Table S1, the conductivity of the LBL film 
is found to be little higher than the DB film. In addition, when the undoped MOF films were 
investigated for the Hall Effect, the instrument displayed “connection fail” message in the 
operating description window of the device monitor (Fig. S5 (C)), which indicates that the 
electrical circuit for the measurement could not be established. This finding again suggests the 
insulating behavior of the undoped MOF films. These types of conductivity behaviors are in 
line with the current vs applied bias shown in Figure 3 (B). In addition to the electronic 
property, it should be noted in Table 1, Table S1, and Fig. S5 (A)-(B) that the bulk-charge 
carrier concentration and the Hall coefficient exhibited by the doped MOF films are positive, 
which implies that the doped MOFs are behaving as a p-type semiconductor. These results 
suggest that before iodine doping, the charge carrier concentration in the frameworks is 
virtually zero. However, iodine doping is working here as oxidative doping and therefore, 
creating holes as charge carriers in the frameworks. The oxidation of the MOFs by iodine is 
also supported by the XPS detection of I3
-
 (Figure S3(B)) in the iodine doped frameworks. 
 
Each sub-building block unit of Co3(NDC)3 consists of linear arrangement of three Co(II) ions 
linked via six carboxylate groups of the NDC ligands (Figure S6). The crosslinking of these 
trinuclear sub-building units via the naphthalene rings forms 1-D channels along a- and c-axis, 
and thereby, it produces a neutral 3-D network structure of the frameworks.
 
The detail 
structures of the Co3(NDC)3 can be found elsewhere.
30,31
 The frameworks have shown 
dominating antiferromagnetic interactions between Co(II) ions of the frameworks perticularly 
in the high-temperature region, and a noticeable ferrimagnetic behavior in the low 
temperature region. The detail magnetic structure and property of the frameworks can be 
found in the reference [31]. During iodine doping, the iodine guest molecules are expected to 
be confined to the network structure of the frameworks surrounded by aromatic rings. 
Because of the intermolecular interactions between iodine guest molecules and π-electrons 
from the aromatic ring of the host, such arrangements can result in cooperative charge transfer. 
Therefore, the observed conductivity of the iodine doped film can be considered as a result of 
interaction between iodine and the aromatic ring of the frameworks. The oxidization of Co
2+
 
ion of the frameworks by iodine is thermodynamically not feasible due to their unfaborable 
redox potentials. This argument is also supported experimentally by XPS spectra of the 
frameworks before and after iodine doping in Figure S3(C), where no shift in binding energy 
positions of the Co 2p peaks before and after iodine doping can be observed. Instead of metal 
ions, probably the charge transfer interaction between iodine and ligand particularly with π-
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electrons from the aromatic ring of the ligands takes place, which leads to the oxidation of the 
frameworks, and thereby hole doping into the frameworks takes place. To confirm the above 
charge transfer reaction leading to oxidation of the aromatic ring, detailed studies on C 1s 
XPS spectrum of the frameworks were made. In contrast to the undoped frameworks, the 
deconvoluted C 1s peaks of the iodine doped frameworks show a small new peak at 285.5 eV, 
which is located at higher binding energy position than the peak due to C-C bond in Figure 
S3(D). This new peak can be ascribed to the consequence of charge transfer interaction 
between iodine and the aromatic ring of the ligands leading to the above readox reaction.
32
 
Further, Figure 4(A) shows the UV/Visible absorption spectra of free I2, and Co3(NDC)3 
before and after iodine doping. A similar UV/Visible spectrum can also be observed in the 
case of iodine doped naphthalene dycarboxylic acid (Figure 4(B)). In addition to the 
characteristic peak from iodine at about 512.8 nm, a new peak in deep UV region (i.e., at 
about 241.5 nm) can be observed. This additional absorption peak of the doped materials can 
be assigned to the donor-acceptor charge transfer complex formation
33,34
 (i.e.,  electrons 
from aromatic ring donor and I2 acceptor interaction). These findings clarifies the above 
observed hole doping characteristic of the iodine doped Co3(NDC)3 films in Hall Effect 
measurements. 
 
In order to further confirm the charge transfer induced hole doping into frameworks by 
iodine doping, quantitative estimation of the charge transfer were performed using ab initio 
calculations based on DFT (for details, see Supporting Information SI-1). Results of the 
calculation are shown in Figure 5, which demonstrate that after iodine doping into Co3(NDC)3 
MOFs, the HOMO level of the frameworks remain unchanged, and iodine levels appear over 
it (Figure 5(A)). In contrast, the LUMO level of the frameworks after iodine doping shifts 
down to about 0.2 eV, which is attributed to the charge transfer from Co3(NDC)3 to I2, and 
hole doping of the frameworks. Accepting electrons from Co3(NDC)3, or naphthalene 
dicarboxylic acid molecules also provides almost similar energy level shift of the I2 levels 
from the values of a pure I2 molecule (Figure 5(B)). The observed shift is in qualitative 
agreement with the appearance of charge transfer complex formation in Figure 4 after iodine 
doping into Co3(NDC)3, and naphthalene dicarboxylic acid molecules. Note that small 
quantitative difference in the shift of levels in the case of doping on naphthalene and 
Co3(NDC)3 can be observed, which is actually caused by the smearing of the energy levels of 
iodine on Co3(NDC)3 because, in contrast to naphthalene, the frameworks have bulk-like 
electronic structure. This is concluded based on the almost identical value of transferred 
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electrons and binding energies in both substrates. A similar calculated shift of the energy 
levels of iodine molecule has been reported to be in quantitative agreement with the shift 
calculated by quantum chemical methods after I2 adsorption on benzene molecule.
35
 The 
distnce between iodine molecule and  naphthalene rings (see Figure S6) is 3.28 Å for the case 
of adsorption on naphthalene dicarboxylic acid and 3.22 Å for adsorption on Co3(NDC)3 
MOFs which is smaller than typical van der Waals bonds (over 3.5 Å). Calculated value of 
binding energies for adsorption of I2 on Co3(NDC)3 MOFs and naphthalene dicarboxylic acid 
is about 0.25 eV/I2. This value is in order higher than typical values of van der Waals bonds 
(below 0.02 eV) due to enhancement of bond by charge transfer. On the other hand, the 
calculated value is smaller than typical value of hydrogen bonds in water (0.43 eV/H2O). So, 
we can conclude that at room temperature only part of the doped iodine molecules is adsorbed  
forming charge transfer complex with Co3(NDC)3 MOFs or naphthalene dicarboxylic acid. 
This conclusion is in good agreement with the results of measurements of I 3d XPS spectrum 
(Figure S3(B)), which reveals that only one from about 6.7 iodine molecules adsorbed on 
MOFs with charge transfer. The total number of electrons transferred from MOFs or 
naphthalene to iodine molecule is about 0.02 electrons per I2. Using the above data, we can 
estimate the number of holes induced in cm
3
 of the MOFs by charge transfer complex with 
iodine as follows: (i) The volume of unit cell of Co3(NDC)3 MOFs is 5,000 Å
3
.
29
 So, there are 
2×10
20
 unit cells per cm
3
. (ii) Experimental results demonstrate that there is about one I2 per 3 
unit cells (note that unit cell contains 3 atoms of cobalt). Thus, there are about 6.6×10
19
 I2/ 
cm
3
. (iii) The concentration ratio of I3
- 
(which is participated in the formation of charge 
transfer bonds) and free I2 is about 1:6.7, and thus the number of charge transfer per cm
3
 of 
the frameworks is about 9.8×10
18
. (iv) To calculate the total number of holes induced by 
charge transfer between MOFs and I2, we multiply the obtained number by calculated value of 
transferred electrons (i.e., 0.02 electrons per I2), and thus finally we obtain 1.9×10
17
 holes/cm
3
 
of the Co3(NDC)3 MOFs. The above calculated hole concentration is in several orders higher 
than the experimental value obtained by Hall Effect measurement. The difference is due to the 
fact that we describe here rather idealistic situation where all charge carriers are assumed to 
participate without any barriers from grain boundaries. However, in actual practice, existence 
of lots of grain boundaries, and other structural imperfection in MOF film resist electron 
transfer for the charge transfer complex formation. Current theory of mobility in 1D systems
36
 
demonstrates that its value depends on the elastisity of lattice and effective mass of charge 
carriers, which, on the other hand, depend on the shapes of band structure. Adsorption of 
molecules does not affect elastic properties of MOF but can provides some changes in band 
8 
 
structure. More prospective source of the manipulation of mobility in doped MOF is the 
varying of atomic structure of MOF that can provide dramatic changes in its band structure. 
 
The semiconducting property of the MOF films is further characterized by measuring 
their HOMO-LUMO positions. Using the absorption spectra of the Co3(NDC)3 film, the 
optical band gap of iodine doped frameworks is estimated to be about 2.2 eV (Figure S7). The 
experimentally estimated energy gap of the doped frameworks is close to the calculated 
(about 2.1 eV) value. From the onset of ground state oxidation peak in the cyclic 
voltammogram, the HOMO energy level is estimated to be -6.2 eV vs vacuum (Figure S8). 
Based on the energy gap and the HOMO energy level, the LUMO energy level of the 
Co3(NDC)3 frameworks is estimated to be about -3.9 eV. Recently, Butler et al.
37
 have 
estimated HOMO-LUMO positions of a number of MOFs using DFT theory. However, the 
measured HOMO-LUMO  energy levels of Co3(NDC)3 of the present work is different from 
those of other MOFs reported by them. As pointed out by them, some differences could arise 
from different methods used to measure the ionozation potentail. It shold be noted that the 
measured HOMO-LUMO energy levels of Co3(NDC)3 are closer to those of other transitional 
metal besed- MOFs measured by the same cyclic voltammetric method.
 38-40
 Considering the 
strong visible light absorption characteristic of the frameworks as exhibited by Figure 3(A) 
and the suitable HOMO-LUMO positions, an interfacial electron transfer from LUMO level 
of the frameworks to a n-type material with lower conduction band such as ITO (-4.7 eV) or 
TiO2 (-4.2 eV) could be established, and this phenomenon can be applied to light harvesting 
devices. To demonstrate this, a thin Co3(NDC)3 film was layered onto an ITO glass substrate, 
and TiO2 film coated on a non-conducting glass substrate. The interfacial electron transfer 
phenomenon from the Co3(NDC)3 frameworks to the ITO or TiO2 was studied using PL 
spectroscopy. 
 
Figure 6 shows intense photoluminescence Co(II)
*
 emission spectra of the undoped 
and doped Co3(NDC)3 films, which have exhibited a significantly higher photoluminescence 
quenching after iodine doping. The Co(II)
*
 emission  quenching can be attributed to an 
efficient interfacial electron transfer from LUMO of the frameworks to the conduction band 
of ITO. Quantitatively, the LBL and DB framework films have exhibited 97.4% and 95.1% of 
the Co(II)
*
 emission quenching. A similar efficient interfacial electron transfer quenching 
phenomenon of the Co(II)
*
 emission was also observed when the iodine doped Co3(NDC)3 
frameworks are deposited to a TiO2 film. The observed efficient interfacial electron transfer 
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reveals the energy harvesting characteristic of the iodine doped frameworks. However, when 
a similar experiment was performed by layering a thin film of Co3(NDC)3 on a non-
conducting glass substrate, no photoluminescence quenching was observed (Figure S9).  This 
finding reveals the existence of a facile electron transportation path from cobalt d-d transition 
of the frameworks to the ITO or TiO2 film only after iodine doping. The successful interfacial 
charge transfer after iodine doping of the frameworks can be ascribed to the improved 
conductivity of the frameworks by charge transfer induced hole doping. The conductivity of 
the Co3(NDC)3 films after iodine doping is higher by a factor of 10
3
 than that of the iodine
18
. 
As a result of semiconducting behavior of the iodine doped Co3(NDC)3 film and its ability to 
inject photoelectrons to ITO or TiO2 , such materials could be used to construct a device that 
can be used in various fields. As an example of demonstration, the observed interfacial charge 
transfer phenomenon is employed here to harvest solar radiations. For this, doctor bladed 
TiO2 mesoporous film on a FTO substrate was sensitized with Co3(NDC)3 layers using LBL 
techniques. After iodine doping, a Grätzel type cell with a Pt counter and I
-
/I3
-
 redox 
electrolyte was constructed, and the light harvesting capability of the iodine doped Co3(NDC)3 
layer was investigated in terms of  the incident photon to current efficiency (IPCE). The IPCE 
spectrum shown in Figure S10 shows the maximum efficiency at the wavelength of the 
incident light where the absorption of light is maximum in the UV/Visible absorption spectra 
(Figure 3(A)). This suggests that the Co3(NDC)3 film is working here as a light harvesting 
layer. As compared to the undoped film, the IPCE response in Figure S10 is attributed to the 
successful interfacial electron injection from the doped Co3(NDC)3 frameworks to the TiO2 
films. 
 
4. CONCLUSIONS 
In summary, thin films of Co3(NDC)3 frameworks were fabricated using layer-by-layer and 
doctor blade coating techniques, and the electrical conductivity of the films was improved 
significantly by iodine doping. In the current work, the undoped film shows insulating 
behavior while the doped film exhibits Hall Effect with p-type characteristic. The 
modification from insulator to p-type characteristic of the doped films are ascribed to the hole 
doping into the framework film due to the charge transfer complex formation. The HOMO-
LUMO positions of the doped frameworks are found to be suitably situated for the efficient 
interfacial photoelectron injection from the frameworks to ITO or TiO2. This result shows that 
the Co-based MOFs can be a potential new semiconducting material. As large number of 
metal ions and variety of organic linkers are available, an infinite number of combinations are 
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possible to fabricate MOF films with further improved electronic and optical properties, 
which can have potential application in various fields. 
 
 
Supporting Information  
Experimental details on MOF film deposition, iodine doping, film characterization, DFT 
calculations, and additional results on characterization and application aspect of MOF films.  
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Table 1. Various parameters obtained at 25 C from Hall Effect measurement of Co3(NDC)3 
MOF films prepared by Layer-by-Layer technique on a glass substrate. 
 
 
 
 
 
 
 
 
Figure 1. Top SEM view of a Co3(NDC)3 MOFs: Doctor-Blade (A), and LbL (B)  films. 
Insets show the cross-sectional SEM images of the respective films. 
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Figure 2. XRD patterns of Co3(NDC)3 MOFs: (a) bulk, (b) Doctor-Blade film, and (c)  LbL 
film.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. (A) UV/Visible absorption spectra of Co3(NDC)3 MOF film on an amine 
functionalized glass slide using LbL technique: (a) as-prepared, and (b) iodine doped film. (B) 
Current vs applied bias curve of Co3(NDC)3 MOF films on a glass substrate: Doctor-Blade  
film without doping (a), LbL film without doping (b), Doctor-Blade film with iodine doping 
(c), and  LbL film with iodine doping (d). 
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Figure 4. UV/Visible absorption spectra of (A) iodine and saturated suspension of undoped 
and iodine doped Co3(NDC)3 MOFs in chloroform, and (B) iodine and saturated suspension 
napthalene dicarboxylic acid (NDC) in chloroform. 
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Figure 5. Total densities of states of Co3(NDC)3 MOFs with and without adsorbed iodine 
molecule (a), and iodine molecule adsorbed on Co3(NDC)3 MOFs, naphthalene dicarboxylic 
acid molecule and free iodine molecule in empty box (b). Shifts of the positions of selected 
orbitals are indicated by arrow.  
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Figure 6. PL emission spectrum of (a) Doctor-bladed undoped Co3(NDC)3 MOF film on ITO 
substrate, (b) undoped Co3(NDC)3 MOF LbL film on ITO, (c) Doctor-bladed iodine doped  
Co3(NDC)3 MOF film on ITO, and (d) iodine doped Co3(NDC)3 MOF  LbL film on ITO. 
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Experimental details 
1.1. Synthesis of bulk Co3(NDC)3: Bulk Co3(NDC)3 was synthesized using the previously 
reported method
1
 with slightly modified concentrations of metal ion and ligand precursors. In 
a typical synthesis, an equal volume of 0.344 mmol Co(NO3)2.3H2O in DMF is mixed with 
0.115 mmol 2,6-NDC (2,6-naphthalenedicarboxylic acid) dissolved in DMF. The resulting 
mixture was heated under hydrothermal conditions at 453.15 K for 3 days. All precipitate was 
filtered out and washed thoroughly with DMF solvent and dried at 50 C for 3 h. These bulk 
MOFs were used as the reference material to characterize the MOF films prepared by LbL 
and DB coating techniques. 
 
1.2. Doctor blade coating of thin Co3(NDC)3 film: 0.5 g of the bulk MOFs was grinded in a 
mixture of 0.05 g PEG, 2 mL ethanol and 1 mL deionized water until the mixture attends a 
proper viscosity. The blended semi-liquid paste was then doctor bladed on nonconducting 
glass and ITO conducting glass substrates. The doctor bladed film was annealed at 250 C for 
1 h to decompose the polyethylene glycol (PEG) used as an organic binder in the film. 
 
1.3. Layer-by-layer (LBL) growth of Co3(NDC)3 thin film: MOF layers were grown on 
amine functionalized nonconducting glass and ITO (Indium Tin Oxide) glass substrates 
(provided by LumiNano Co., Ltd, S. Korea) for 20 LbL cycles. Each cycle is consisted of 
dipping the substrate for 1 h into 0.1 M 2,6-naphthalenedicarboxylic acid in DMF solution 
maintained at 120C followed by washing the film by dipping in DMF solution, and 
subsequently dipping the film into 0.1 M Co(NO3)2.3H2O in DMF solution maintained at 120 
C for another 1 h. Finally, the film was again washed with DMF. 
22 
 
1.4. Iodine doping. Iodine doping of the framework films was performed by using a slightly 
modified procedure as reported earlier.
2
 In brief, doping was performed by dipping the 
framework films into a solution of 0.1 M I2 in acetonitrile for 2 h at 50 C.  
 
2.1. Characterization of MOF film: The surface and cross-sectional morphology of the 
films were investigated using a field enhanced scanning electron microscope (FE-SEM, 
Hitachi S-4200). The crystal structural of the films was investigated using an X-ray 
diffractometer (XRD, Rigaku & D/MAX-2500H). The composition of the MOF films was 
determined using an energy dispersive x-ray analyzer (HORIBA) coupled to the Hitachi S-
4200 FE-SEM device and an X-ray photoelectron spectrometer (VG Multilab ESCA 2000 
system). Optical property of the films was investigated using an UV/Visible absorption 
spectrophotometer (VARIAN & CARY-100 Conc). Energy gap and HOMO-LUMO positions 
were determined from UV/Visible absorption spectra and cyclic voltammogram. Charge 
transfer phenomenon was studied using a photoluminescence spectroscopy (PL, ILC 
Technology, Inc & ISS PC-1).  
 
For conductivity measurement, MOF films were deposited on a non-conducting glass 
substrate, and the contact points were prepared with the silver paste. Conductivity was 
measured between two points using a computer controlled digital source meter (Keithley-
2400). Similarly, conductivity as well as charge carrier concentration, mobility and other 
semiconducting properties were measured using a Hall Effect measuring instrument (HMS-
300: ECOPIA) at 25 C. 
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SI-1. Details about ab initio calculations based on density functional theory 
To confirm the experimental observation on the possibility of I2 adsorption on Co3(NDC)3 
MOFs and naphthalene dicarboxylic acid molecule by charge transfer complex formation, and 
to estimate the charge transfer quantitatively, were performed ab initio calculations based on 
density functional theory (DFT). We performed the calculations for the adsorption of single 
iodine molecule at various possible sites of realistic Co3(NDC)3 MOF, and calculate the 
change of Mulliken populations of iodine, electronic structure and binding energies for the 
configuration with lowest total energy. We used the pseudo-potential code SIESTA.
3 
All 
calculations were performed using the local density approximation (LDA)
4
, which is feasible 
to model adsorption of molecules with charge transfer.
5,6
 Other alternative approach for the 
modeling of weakly bonded layered systems is GGA+vdW 
7-9
 is proper only for the systems 
without charge transfer and lack in description of systems with charge transfer.
10
 Crystal 
structure parameters are taken from the Ref. [1].  For the correct description of electronic 
structure of Co3(NDC)3 MOF we employ LDA+U approximation
11
 with Coulomb parameter 
U = 4 eV. This value is rather good for description of molecular systems with transitional 
metals in oxygen environment (see Ref. [12] and references therein). The atomic positions 
were fully optimized. The wave functions were expanded with a triple-ζ plus polarization 
basis of localized orbitals for iodine, double-ζ plus for cobalt, carbon, nitrogen and oxygen 
and double-ζ for hydrogen. The force and total energy was optimized with an accuracy of 
0.04 eV/Å and 1 meV, respectively. All calculations were performed with an energy mesh 
cut-off of 360 Ry and a k-point mesh of 6×6×6 in the Monkhorst-Pack scheme.
13
 The binding 
energies are defined as energy difference between total energy of the systems with adsorbed 
iodine molecule and with iodine molecule remote from adsorption site. For the calculations of 
electronic structure of iodine molecule we performed the calculations for single molecule in 
24 
 
empty box size of 10×10×10 Å that guaranteed absence of any interactions between 
molecules. 
 
Table S1. Various parameters obtained from Hall Effect measurement of Doctor-blade 
Co3(NDC)3 film on a glass substrate. 
 
 
Scheme S1. Fabrication of thin film Co3(NDC)3 using Doctor-Blade coating (A), and Layer-
by-Layer (B) techniques. 
Bulk 
concentration 
5.12 x 1011 (cm3) Sheet Concentration 5.12 x 107 (cm2) 
Mobility  1.24 (cm2/Vs) Conductivity 1.02 x 10-7 (s/cm-1) 
Resistivity 9.82 x 106 (Ωcm) Hall Coefficient 1.22 x 107 (m2c-1) 
(A) 
(B) 
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Figure S1. EDX analysis for composition of Co3(NDC)3 MOF film: (A) doctor blade film 
without doping, and (B) LBL film without doping, (C) doctor blade film with iodine doping, 
and (D) LBL film with iodine doping. 
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Figure S2. (A) UV/Visible absorption spectra of Co3(NDC)3 film on a glass slide using doctor 
blade coating technique: (a) undoped Co3(NDC)3 film, (b) iodine doped Co3(NDC)3 film. (B) 
UV/Visible absorption spectra of iodine in acetonitrile solution. Peaks shown by red arrow in 
Fig. (A) and (B) are at the same position, which suggests that the peak shown by arrow in (A) 
is due to the presence of iodine. 
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 Figure S3. XPS spectra of Co3(NDC)3  frameworks with and without I2 doping. (A) Survey 
spectra, (B) high resolution I 3d5/2 spectrum, (C) high resolution Co 2p spectra, and (D) high 
resolution C 1s spectra of iodine doped frameworks. Inset in Figure D shows the C 1s spectra 
of pristine frameworks. 
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Figure S4. UV/Visible absorption spectra of 100 times diluted solution of 0.1 M iodine in 
acetonitrile solution before/after dipping Co3(NDC)3 LBL film for 2 h at 50C. (a) Before, and 
(b) after dipping. 
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Figure S5. Photo images of the monitor of a Hall Effect measuring device displaying the 
different measured parameters.  (A) Iodine doped Co3(NDC)3 doctor blade film, (B) iodine 
doped Co3(NDC)3 LBL film, and (C) undoped Co3(NDC)3 doctor blade film. Red circled 
messages show the status of the operation, which indicates if the measurements were 
successful.  
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Figure S6. Top (a) and side (b) view of optimized atomic structure of Co3(NDC)3 MOF in 
vicinity of adsorbed iodine molecule. Note: other part of Co3(NDC)3 MOF is omitted on the 
figure for clarity. 
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Figure S7. Band gap estimation of iodine doped Co3(NDC)3 MOF films. (a) Layer-by-layer 
film, and (b) doctor blade coating film. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S8. Cyclic voltammograms of Co3(NDC)3  LbL films and doctor blade film on an ITO 
glass substrate under Ar atmosphere. (a) Iodine doped Co3(NDC)3 LbL film, (b) undoped 
Co3(NDC)3 LbL film, (c) iodine doped Co3(NDC)3 doctor blade film, and (d) undoped 
Co3(NDC)3 doctor blade film. W.E: MOF film on ITO, C.E: Pt wire, and R.E.: Ag/AgCl; 
Electrolyte: 0.1 M tetra-n-butylammonium tetrafluoroborate in acetonitrile. 
 
 
 
2 1 0
-0.15
-0.10
-0.05
0.00
 
 
C
u
rr
e
n
t 
(m
A
)
Potential (V)
 (a)
 (b)
 (c)
 (d)
32 
 
550 560 570 580 590
 
 
P
L
 I
n
te
n
s
it
y
 (
a
.u
.)
Wavelength (nm)
 (a)
 (b)
 (c)
 (d)
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S9. PL emission spectra. (a) Undoped Co3(NDC)3 doctor-blade film on a glass 
substrate, (b) iodine doped Co3(NDC)3 doctor-blade film on a glass substrate, (c) undoped 
Co3(NDC)3 doctor-blade film on a ITO substrate, (d) iodine doped Co3(NDC)3 doctor-blade 
film on an ITO substrate. 
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Figure S10. Incident Photon to Current Efficiency (IPCE) of a TiO2-based solar cell with the 
light harvesting Co3(NDC)3 LBL layer. 
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